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Abstract—Wireless communication plays a vital role in the
promising performance of connected and automated vehicle
(CAV) technology. This paper proposes a Vissim-based micro-
scopic traffic simulation framework with an analytical dedicated
short-range communication (DSRC) module for packet reception.
Being derived from ns-2, a packet-level network simulator, the
DSRC probability module takes into account the imperfect
wireless communication that occurs in real-world deployment.
Four managed lane deployment strategies are evaluated using
the proposed framework. While the average packet reception
rate is above 93% among all tested scenarios, the results reveal
that the reliability of the vehicle-to-vehicle (V2V) communication
can be influenced by the deployment strategies. Additionally,
the proposed framework exhibits desirable scalability for traffic
simulation and it is able to evaluate transportation-network-level
deployment strategies in the near future for CAV technologies.
Index Terms—Dedicated short-range communication, imper-
fect wireless communication, cooperative adaptive cruise control,
microscopic traffic simulation, automated driving system fallback
I. INTRODUCTION
Cooperative adaptive cruise control (CACC), as one of
the most promising connected and automated vehicle (CAV)
technologies, is expected to revolutionize the way vehicles
are operated, making the modern transportation systems faster,
safer and greener. CACC is enabled by the dedicated short-
range communication (DSRC), which is designed for vehicle-
to-vehicle (V2V) communication and vehicle-to-infrastructure
(V2I) communication. (V2V and V2I are often jointly re-
ferred as V2X.) The term ”Dedicated” refers to the 75-MHz
licensed spectrum in the 5.9 GHz band assigned by the U.
S. Federal Communications Commission (FCC). The term
”short-range” indicates that the communication taking places
is only over hundreds of meters. Wireless access in vehicular
environment (WAVE) [1] message is broadcasted via DSRC
for safety-critical application, whereas the non-safety-critical
application can use either DSRC protocol stack or other
wireless communication protocols. Wireless communication in
vehicular environment is a technological challenge due to: 1)
limited communication channels are accessed by a multitude
of communication nodes (vehicles); 2) the aforementioned
communication nodes are commonly travelling at high speed
(e.g., 120 km/h); 3) the metallic exterior of a vehicle increases
the reflection of radio, resulting a more complicated commu-
nication environment.
Large-scale field experiments on CACC on actual roadway
are prohibitive and the safety is also the primary concerns at
the current stage of CAV. Simulation study is still one of the
most cost-effective ways to assess the impacts of CACC. Pre-
vious state-of-the-art research has been focusing on the vehicle
dynamic aspect of CACC, studying the mechanical aspect of
CACC manipulations, for instance, how the acceleration was
achieved by analyzing each subcomponent (e.g., throttle po-
sition, sensor gain, vehicle powertrain). Such aspect is vitally
important in bringing CACC into fruition; yet, it provides little
insights into the impacts of CACC on the overall traffic and
transportation network. In addition, studies of CACC’s impacts
on traffic from simulation thus far have been mostly done
with the assumption of perfect wireless communication. The
performance of wireless communication has seldom studied
on the operational aspect of CACC deployment on large-scale
network yet.
This paper focuses on examining the impact of DSRC
in near-term CACC deployment. A state-of-the-art traffic
simulation framework, which incorporates both a traffic
simulator and an analytical module for packet reception
is developed. The remainder of this paper is organized as
follows. Section II summarizes the relevant research conducted
previously, followed by the Methodology in Section III. The
simulation scenario design and results are provided in Section
IV. Lastly, conclusions for this paper are offered in Section V.
II. LITERATURE REVIEW
There are primarily three types of simulations for CACC
evaluation. In the transportation engineering side, simulations
focus on high-level vehicular interactions. A traffic simulator
(TS) with a realistic car-following model is of the center
of the simulation. In traffic simulation, the majority of the
studies has been conducted under the assumption of perfect
V2X communication. Lee et al. [2] evaluated the mobility
and safety impact of CACC using Vissim with an active
platooning algorithm. Arnaout and Bowling [3] evaluated
three different deployment strategies for CACC with a custom
simulation testbed. The benefits of CACC start to show when
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the market penetration rate (MPR) reaches 40% in the absence
of any managed lane strategies. In [4], a microscopic TS was
developed using the Aimsun and its microSDK package [5]
to assess the improvement of highway capacity by ACC and
CACC. From the electrical engineering standpoint, a packet-
level network simulator (NS) is typically used. Akhtar et al.
[6] used MATLAB for implementing channel model to post-
process the vehicle trajectory data obtained by SUMO, an
open-source TS. Other research using a packet-level NS can
be also found in [7]–[9]. All of these studies, however, shared
the inadequacy of using primitive traffic behavioral models
that may not reflect the realistic vehicular behaviors in the
real world.
Efforts in combining NSs and TSs have also been reported.
The majority of the efforts attempted to couple a NS and
a TS by using an external synchronizing module. SUMO
[10] and OMNeT++ [11] were combined by a synchronizer
via TCP/IP connection in [12]–[14]. While being able to
conduct realistic traffic simulation and communication simula-
tion simultaneously, the frameworks were suffered from poor
scalability: no more than 10 vehicles were tested during the
simulation for the three aforementioned studies. Veeraraghavan
and Miloslavov [15] synchronized NCTUns [16] and Vissim
[17] to conduct CAV traffic simulation to the tune of 300
vehicles per hour (vph). Eichler et al. [18] coupled ns-2, an
empirical packet-level network simulator, and CARIMA [19]
and conducted simulations with 400 equipped vehicles in an
8-km2 city area. All of these research provides a realistic
communication simulation, but it also lacks the scalability for
successful implementation of thousands of CAVs per hour that
passing through typical thoroughfare in the real world.
To scale up, hybrid simulation is believed to be a viable
option, which can achieve a significant reduction in the number
of scheduled events through the use of analytical models while
maintaining the credibility of simulation. As in most scenarios,
the key question is whether a subject vehicle successfully
receives messages from another vehicle. The rest of the
data traffic can be treated as background data traffic. Hence,
the transmission scenarios are simplified during simulation
runtime. Jiang et al. put forward the concept of communication
density, which serves as a metric for channel load in vehicular
communication. The communication density is defined as the
number of sensible events per unit of time and it is the
production of vehicle density, message generation rate, and
communication range [2]. Data reception rate is determined
at a particular communication density level with a particular
transmission power. Channel assess delay is an important
aspect in vehicle safety communication and it is defined as
the duration between the arrival of a frame at the medium
access control (MAC) layer to the point of transmission over
the air. Jiang et al. [2] proved that average channel access
stays the same in the cases where communication density
levels are the same. Further developing from Jiang et al.'s
concept of communication density level, Killat and Hartenstein
[20] proposed an analytical model derived from ns-2-based
5.9GHz DSRC simulation. Levenberg-Marquardt method [21]
was used to construct a two-dimensional polynomial curve
fitting. The model assumed 382-byte packet size (128 bytes
for the certificate, 54 bytes for signature, and 200 bytes
of available payload). Within the highest data transmission
rate of 27 Mbit/s, the maximum communication density can
be handled is 4400 in theory. The probability of one-hop
broadcast packet reception in WAVE can be computed based
on the above assumption.
Among the previous studies, we found studies only
focus on the packet-level communication simulation with
no or unrealistic vehicle movements. Other studies post-
processed the communication simulation, which means the
communication has no impact on vehicle movements. The
third group of studies used a synchronizer between a TS
and a NS, trying to gain the advantages for both types of
simulators. But the simulation speed suffered greatly when
data is being exchanged between a TS and a NS. Hence, a
hybrid microscopic simulation framework is desired, which
can implement CACC vehicle behaviors, provide realistic
vehicular interaction, and at the same time factor in the
communication impacts at a much larger scale.
III. METHODOLOGY
A. Probability Model for DSRC
Killat et al. [22] have proven that the number of sched-
uled events in ns-2 drastically increases as the traffic den-
sity increase within a network, resulting in time-consuming
simulation and poor scalability. Hence, it is computationally
unsound to conduct a packet-level network assessment with
thousands of vehicles, a typical scale which traffic engineers
are accustomed to for traffic impact analysis. As such, Killat
and Hartenstein [20] proposed an analytical model built from
ns-2. The model is developed upon Jiang et al.'s concept of
communication density level, which is a metric of representing
channel load in vehicular communication in the form of the
sensible transmission per unit of time and per unit of the road
[2].
Killats model yields the probability of one-hop broadcast
reception under DSRC. For a single sender, the model is a
combination of Nakagami m-distribution fast fading model
and the Friis/TRG(two-ray-ground) path loss model [23]. For
multiple senders, a statistical model is derived from scenarios
of a single sender with the Levernberg-Marquardt method.
Compared to pure ns-2-based approach, the hybrid approach
is more computationally tractable-500 speedup factor in a net-
work of 2500 to 3000 vehicles-with similar characteristics of
transmission simulated by ns-2. The probability of a successful
packet reception by a receiving vehicle can be calculated as
(1) and (2)
Pr(x, δ, ϕ, f) = e
−3(x/ϕ)2
(1 +
4∑
i=1
hi(ξ, ϕ)(
x
ϕ
)i) (1)
where, hi(ξ, ϕ) is the two-dimensional polynomial of fourth-
degree for all curving fitting parameters; ξ is communication
density, events/s/km; and ϕ is the transmission power, m.
ξ = δ · ϕ · f (2)
where, δ is vehicle per kilometer that periodically broadcast
messages, veh/km; f is transmission rate, Hz; and ξ, ϕ are as
previously defined.
Fig. 1 shows the probability density curve of the
DSRC wireless communication model under different
communication density, with the power range of 300 m
[24] and the transmission frequency of 10 Hz [25]. It is
worth pointing out the assumptions made for the wireless
communication module: 1) the channel access is assumed
zero. 2) high data rate in this simulation has the same level
of countering noise and interference of the low data rate.
Fig. 1. Probability density curves for the analytical model
B. Simulation Framework
The proposed simulation framework is comprised of Vis-
sim, Vissim COM interface (VCOM) [26], Vissim Driver-
Model.DLL (VEDM) [17]. Vissim is a multimodal micro-
scopic traffic simulation software in which each entity (e.g.,
car, train, pedestrian) is simulated individually. The VEDM
allows users to replace the Wiedemann car-following model of
Vissim with a custom one. In this study, the multi-objective-
optimization (MOOP)-based platoon maneuvering framework
[27] is used for the longitudinal control of each CACC
vehicle, which is comprised of four objectives-mobility, safety,
emission, and fuel consumption-to be optimized. It is assumed
that, for each simulation time step, a CACC vehicle has
up to five attempts to transmit the vehicle status message.
Each attempt is considered as an independent experiment. If
the latest packet is not delivered, a CACC vehicle uses the
second latest packet to conduct the optimization. Hence, as
Killat’s Nakagami-based
analytical model
communication
parameters
compute reception
probability
random number test
random number <
reception probability
V2V
communication
successful
instance of packet
drop, instance++
total attempts
< 5
use the short
following headway
use the long
following headway
yes no
yes
no
Fig. 2. DSRC packet reception testing procedure
long as a packet is successfully transmitted within the five
attempts, the wireless transmission is deemed successfully for
communicating vehicle status. The reception probability is
computed for each platooned CACC vehicle based on (1). A
random number is generated within the range of [0, 1]. If the
random number is less than the current reception probability
(e.g., 0.93), a transmission attempt is considered successful.
The overall procedure for the packet reception experiment is
illustrated in Fig. 2.
The Society of Automotive Engineer International (SAE)
has defined five levels of vehicular automation as well as the
corresponding system fallback in [28]. CACC is classified as
the SAE Level 3 automation that requires a receptive fallback
ready driver. The overall fallback procedure is illustrated in
Fig. 3. The failure of packet delivery is counted as one of
the four types of events that requires system fallback. When
packet delivery is unsuccessful, reversion to adaptive cruise
control with the longer time headway is performed. Due to
the scope of the paper, only packet drop and the occurrence
of infeasible MOOP solution are considered in the simulation.
IV. SIMULATION AND RESULTS
A. Simulation Design
An 8-km (5-mile) segment of Interstate Highway I-66
outside of the beltway (I-495) of Washington D.C. (shown
in Fig. 4) is selected as the freeway testbed. The roadway
is a major commuter corridor with four lanes in each direc-
tion. The segment has recurring congestion during weekdays,
specifically in the morning in the eastbound direction and in
human
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Fig. 3. CACC system fallback
the afternoon in the westbound direction. The leftmost lane
is a high-occupancy vehicle (HOV) lane, and the HOV lane
has no physical barrier preventing access to/from the adjacent
lane. The current demand for the network during PM-peak in
the westbound direction is approximately 6000 vph.
Fig. 4. Interstate highway 66 testbed
Network calibration has been conducted by using two
independent data sources-INRIX travel time data and volume
data collected by remote traffic microwave sensors (RTMSs).
There are two RTMSs located before the exits of the freeway
as marked in Fig. 4. The impact of lane use in terms of the
reliability of DSRC was investigated based on the following
scenarios under various MPRs:
• Base case (BASE): This scenario serves as the base
condition of the I-66 segment for this study. As stated,
an HOV lane is implemented in the leftmost lane and the
network has been calibrated.
• Unmanaged lane (UML): In this strategy, the HOV lane
is revoked, and current HOV vehicles are treated as GP
vehicles. CACC vehicles are not given priority use of any
lanes, and they operate along with general purpose (GP)
vehicles/human-driven vehicles.
• Dedicated CACC lane (DL): The exclusive access to the
leftmost lane for CACC vehicles is studied. A homoge-
neous CACC traffic is believed to be beneficial for the
CACC operation. The merging impact of CACC vehicles
to the leftmost lane can be studied as well. Like in
UML, the HOV vehicles are treated as GP vehicles in
this strategy.
• Dedicated CACC lane with Access Control (DLA):
This strategy is essentially a dedicated CACC lane men-
tioned above but with access control where a CACC
vehicle is only able to merge in/out of the managed lane
at designated locations. Therefore, the weaving activities
are aggregated at certain locations of the network. It
is formulated to insulate the CACC platoons from the
potential impacts of weaving activities.
A break-down list of the managed lane strategy is shown in
TABLE I. The fourth lane is the leftmost lane and the initial
of each vehicle type is used.
TABLE I
SCENARIO SETTINGS.
Strategy 4th 3rd 2nd 1st Access Control
BASE H G G G N
UML G+C G+C G+C G+C N
MML C+H G G G N
DL C G G G N
DLA C G G G Y
The simulation period for one replication is set as 3900
seconds with 300 seconds of a warm-up period to saturate the
network with traffic. For each combination of managed lane
strategy and MPR, five random replications are run to capture
the variability of the traffic flow. The simulation resolution is
set as two, which means the vehicle trajectory is calculated
for every 0.5s. The optimization is conducted in every five
simulation time steps. The simulation is run with the following
assumptions:
• The calibrated vehicle behaviors in Vissim realistically
represent the road users driving behaviors.
• The CACC controller is free of control errors.
• The lateral control for platoon formation is conducted
by human drivers with recommendations for lane change
from the CACC system.
• Human-driven vehicles treat CACC vehicles as human-
driven vehicles. There are no indications whether a vehi-
cle is equipped with CACC system.
B. Simulation Results
The mean probability of successful packet reception is
shown in Fig. 5. While the reception probability is above
0.9 for all managed lane cases, DL has the lowest probability
among all strategies at any given MPR. Since the V2V com-
munication only occurs for CACC vehicles, under low MPR,
CACC vehicles are scattered throughout the network, which
could result in longer transmission distance. The probability
of successful reception increases as more CACC vehicles
get introduced to the network. In the case without dedicated
CACC lane (i.e., UMN and MML), the distributions of mean
transmission density are similar. DLA has the lowest median
and variance among all four strategies at each MPR.
Fig. 5. Packet reception rate
The DL has the lowest reception rate at any given MPR.
At MPR below 30 %, relatively higher transmission than
the remaining three strategies was observed as shown in
Fig. 6. The Violin plot of DL shows greater variance on the
transmission density. The DL strategy does not have any
physical barriers, without which CACC vehicles are able to
get onto the dedicated lane at any location of the roadway.
When a slower CACC vehicle merges into the CACC lane,
faster CACC platoons behind it may need to slow down
in order to maintain a safe following distance. Under such
scenario, the traffic string is compressed, yielding closer
following distance and higher vehicle density. When limited
access control to the dedicated lane is implemented, the
disturbance to the CACC vehicles that are cruising on the
dedicated lane is minimized, effectively reducing the events
of deceleration as a result of cut-ins of slow-moving vehicles.
Therefore, the transmission density maintains at a lower level
with less variance, which is beneficial for the packet delivery.
V. CONCLUSIONS
This paper incorporates a one-hop DSRC probability model
for CACC into Vissim, a microscopic traffic simulation
software. By only considering the channel load of the
wireless network, the scalability of the simulation for CAV
technology is greatly increased, to the scale of thousands of
vehicles, which is typical and necessary for traffic impact
analysis. The proposed framework has been successfully
tested on a large-scale, real-world transportation network
with the demand of approximately 6000 vph. The impact
Fig. 6. Communication density
of data packet delivery is considered during the simulation,
which is one of the major advantages of the proposed
framework. This study also evaluates the performance of V2V
communication under the four managed lane strategies. From
the perspective of wireless communication, the higher the
packet reception probability, the more reliable communication
among platooned CACC vehicles. The influence of managed
lane strategy on the transmission density, and ultimately
communication reliability is studied as well. The diminishing
return of the packet reception ratio may not sometimes
be justifiable among other factors (e.g., platoon size, total
platoons, or the percentage of platooned CACC vehicles).
However, the reliability of wireless communication has to
be weighed in, when the packet reception ratio of certain
managed lane strategies is out of the acceptable range. The
managed lane strategies may remedy the communication
reliability by controlling the transmission density within a
certain acceptable range. As demonstrated, the impact of
wireless communication is crucial and should be integrated
to the traffic simulation to present a more comprehensive
picture of the near-term deployment of CACC.
APPENDIX
A. The coefficients of h(j,k)i
The coefficients obtained from the polynomial function
hi(ξ, ϕ) is shown in TABLE II. It is worth stressed that even
seemingly negligible values, if omitted, could result deviation
in the probability of reception from 8% to 100% [20].
TABLE II
COEFFICIENT h(j,k)i IN (1) [20]
(j, k)
(0,0) (1,0) (2,0) (3,0) (4,0)
h
(j,k)
1 0.0209865 -9.66304e-07 -1.72786e-11 5.09506e-17 -7.91921e-23
h
(j,k)
2 2.24743 7.84884e-07 2.28533e-10 -5.89802e-16 3.55262e-22
h
(j,k)
3 2.56426 2.82287e-05 -7.09939e-10 1.34371e-15 -3.01956e-22
h
(j,k)
4 2.41146 -9.32859e05 6.77403e-10 -9.64188e-16 3.69652e-23
(3,1) (2,1) (2,2) (1,1) (1,2)
h
(j,k)
1 3.16577e-20 2.13587e-14 -5.05716e-17 4.00928e-09 -1.88707e-11
h
(j,k)
2 4.07120e-19 -2.66510e-13 8.64273e-17 -7.31274e-08 2.98549e-10
h
(j,k)
3 -1.85451e-18 1.02847e-12 1.80250e-16 1.56259e-07 -8.50944e-10
h
(j,k)
4 1.85043e-18 -1.13894e-16 -4.05333e-16 -2.56738e-08 6.24415e-10
(1,3) (0,1) (0,2) (0,3) (0,4)
h
(j,k)
1 3.25406e-14 0.000418109 -4.30875e-06 1.00775e-08 -7.32254e-12
h
(j,k)
2 -3.24982e-13 0.00498750 -7.22232e-06 1.69755e-08 -2.94381e-11
h
(j,k)
3 7.59094e-13 -0.0227008 7.50391e-05 -1.81469e-07 2.02182e-10
h
(j,k)
4 -3.57571e-13 0.0191490 -6.92678e-07 1.79917e-07 -2.07263e-10
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